Introduction
Wind pollination, or anemophily, has been considered a rare pollination strategy in tropical and other rain forests because environmental conditions are unsuitable: high moisture and rain wash pollen grains from the air; widely spaced conspecifics and abundance of animal vectors would select for a more efficient zoophilous long-distance pollination; plant species diversity, perpetual leafiness and little wind turbulence constitute barriers for wind pollination (Janzen 1975 , Regal 1982 , Whitehead 1983 . Nevertheless, several findings suggest anemophily in tropical rain forests should not be dismissed (Bawa and Crisp 1980 , Lewis 1986 , Bullock 1994 , Maués 2006 , Friedman and Barrett 2009 , MacInnis et al. 2014 . In tropical rain forests, rain tends to be seasonal and is not continual throughout the day, even in the rainy season. Moreover, humidity, although generally high, varies with time of day as do temperature and insolation at the micrometeorological scale (e.g. Kumagai et al. 2001) . The leafiness of the forest seems not be such a strongly effective filter of airborne pollen as presumed (MacInnis et al. 2014) , and there are places, such as clearings and shorelines, where there is wind and atmospheric turbulence and plant dispersion is often clumped.
Boehmeria caudata Sw. is an anemophilous species broadly distributed in the neotropics, from southern North America to northern Argentina, where it is commonly found in ruderal, open and mesic sites (Martins and Pirani 2010) . It is mainly dioecious to rarely monoecious, ("leaky dioecy" of Baker and Cox D r a f t 4 Cannabaceae and the tribe Morae (Kerner von Marilaun1904, Knuth 1909 , Taylor et al. 2006 , as well as in a few other plants, including Cornus canadensis (Cornaceae) of the North American temperate forest floor (Mosquin 1985 , Edwards et al. 2005 , Ricinus communis (Euphorbiaceae) (Bianchini and Pacini 1996) and Solandra spp. (Solanaceae) (the large corolla, in anthesis, swells like a balloon and bursts open while liberating a cloud of pollen from the already dehisced anthers within (R. Bye, personal communication 29 January, 2015) ). In Urticaceae, the violent reflexion of the inflexed stamens causes the anthers to undergo a catapulting motion, inertially releasing pollen (Fig. 1, supplementary video S1 ). It is thought that the dehydration of anthers, coupled with hydrostatic pressure in the filament, causes an increase of the elastic tension until the point of release and resulting pollen liberation. The mechanisms, floral anatomies and environmental conditions for this kind of explosive pollen release in Urtica, Parietaria, Pilea, and Broussonetia are briefly and beautifully described by Kerner von Marilaun (1904) . Hildebrand (1867), Delpino (1868 Delpino ( -1875 and MacLeod (1894) published earlier observations on Urtica. A detailed analysis of the biomechanics of this mechanism in Morus alba found velocities in excess of half the speed of sound, corresponding to the fastest motion jet observed in biology (Taylor et al. 2006 ). Jackes and Hurley (1997) noted under a dissecting microscope, dissimilar explosive pollen release of two species of Dendrocnide: in D. cordifolia, the 3 mm long filaments slowly uncoiled and then showered everything in sight with pollen, but D. moroides with a filament less than 1 mm long did not appear to do this. This explosive reaction seemed to be caused by atmospheric changes in moisture (drying) and heating on the microscope stage.
For the tribe Boehmerieae, it has been proposed that explosive release of pollen and sexual separation of the flowers (dioecy or monoecy) has existed since Tertiary times (Poinar et al. 2016 ). Hutton (1986) noted explosive pollen release in extant B. calophleba, endemic to Lord Howe Island, Australia. Qiu (1986), making observations by dissecting and scanning electron microscopes of male flowers of B. nivea, attributed the explosive release of pollen to unequal shrinking of the fibrous layer of cells of the anther wall, causing the anther to rupture, while the inner cushion-shaped epidermal cells of the filaments expanded to uncurl the stamen. In Asia the genus is complex, with taxa recorded as apomictic and unisexually female or male-sterile, tending to range into higher latitudes and more disturbed habitats than their sexual relatives (Yahara 1990 ), but that study does not record the mechanism of pollen release in taxa with staminate flowers.
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After we had observed explosive pollen release in B. caudata, our aim was to analyze the timing and environmental conditions under which this mechanism takes place, as well as to determine if stigmatic receptivity periods were also similarly constrained. Given that it is assumed that a clumped distribution of the opposite-sex individuals would be essential for wind pollination (Whitehead 1983 , DiGiovanni and Kevan 1991 , Bassani et al. 1994 , Pacini et al. 1997 ), here we also examine how the spatial dispersion pattern of conspecifics may facilitate pollen arrival to female plants for pollination. Finally, we discuss how all these factors represent adaptations for an anemophilous species in a rain forest.
Methodology
The study was conducted at the Parque Estadual Intervales, State of São Paulo, Brazil (24°16,288' S, 48°25,045' W, 820 masl). The area constitutes one of the biggest remnants of the Atlantic Forest Biome Our study took place between December 8th and 19th 2014 with detailed observations made from December 15th (14:00 h) to 17th (14:00 h). Staminate floral anthesis was registered at two-hour intervals, from 06 to 18 hours (GMT -3), on five male and one monoecious plant (343 total observations). On each plant, five catkins 10-20 cm in length and with no more than 10 opened flowers were selected. At the start of every observation period, the numbers of opened flowers were recorded and the flowers removed. As a second measurement for staminate flower anthesis, we recorded the number of pollen release events (i.e. pollen clouds visibly released from flowers ( Fig. 1 , supplementary video S1)) as seen by one observer on each plant, during a one-minute period twice during every two-hour interval (160 total observations). Temperature and shade and insolation were not included in the model due to collinearity with RH (>0.8).
Plant identity was included as a random effect. The structure of random effects was selected by using parametric bootstrap and stepwise model simplifications were based on lower AIC values. Model fitting was measured by residual analysis (packages arm and influence.ME), r-squared values (package MuMIn), the ratio deviance/df, ROC curves and AUC values (package ROCR).
The spatial dispersion of B. caudata plants was analyzed by measuring nearest neighbour distances between individuals found along a road transect of 1544 m and then calculating the Clark-Evans index (1954) . To estimate the sex ratio, the numbers of female, male and monoecious plants were recorded on three roads and one walking trail for a total distance of 6319 m.
We made a small experiment to assess the arrival of airborne pollen on female plants. We used pollen traps ("megastigmas") as described by Kevan et al. (2006) . They consisting of plastic horticultural labels (15 x 3 x 0.1cm) with 28 punched holes each. Transparent sticky tape was applied along the underside of the label so that each hole constituted a sticky pollen-trapping surface. Pollen traps were placed for 48-hours on each side of seven female plants: forest-facing, forwards (road-facing), left and right (perpendicular to the road). Pollen counts were made microscopically (40x) on six holes randomly chosen on each pollen trap.
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By using a generalized linear model associated to a negative binomial distribution, we evaluated airborne pollen densities in relation to the orientation of the sides of female plants and male plant density around each chosen female plant (number of male plants present within 5m). Model fitting was measured by residual analysis and the ratio deviance/df.
Results
During cloudy and rainy days and at night, we observed no pollen release events. The intense observation period was characterized by sunny weather, without major differences in meteorological conditions between days. Temperature varied between 43°C and 15°C (mean 27.54°C, s.d. 7.63) and RH between 26% and 86% (60.81%, s.d. 16.18) (Fig. 2) . The observed individuals of B. caudata were well exposed to the sky from 8:00 to 18:00 h, with slight variations on the more shadowy individuals (Fig. 3) .
Wind forces were registered only in 33% of the observations (n=159), most of the cases with a "very low" force (category 1, 93%). Wind direction was unpredictable (W=26.6%; E=20.3%; S=17.2%; N=14.1%; SE=12.5%, SW-NW-NE=3.1%), but seemed mostly parallel to the road direction. The ROC curve and the value for the Area Under the Curve (AUC) indicated that the GLMM correctly predicts the occurrence of pollen release events in 67% of the cases (see Fielding and Bell 1997) .
Stigmas were recorded as receptive (H 2 O 2 test) at any time of the day (100% of observations), without being correlated with meteorological parameters. However, at noon during the peak of male flower anthesis, we saw more bubbles (not quantifiable) produced by the hydrogen peroxide, probably indicating the period of greatest receptivity.
During the course of the observations, we saw beetles and halictid bees on staminate flowers feeding on pollen but never saw insects on pistillate flowers. (Fig. 5) . For traps on the sides of female plants perpendicular to the road, the predicted initial pollen density (i.e. with male density = 0), was 13.6 (CI: 5.0 -40.8, p < 0.001) and there was no significant effect of male density on airborne pollen (-0.3, CI: -3.8 -0.1, p = 0.17). At the forest facing side, the initial pollen density was slightly less (13.47, CI: 12.9 -13.58, p = 0.01) and rose with male density by a rate of 20.24 grains/male plant present (CI: -1.0 -600.7, p-value= 0.06). At the road facing side, the initial pollen density was almost the same 13.51 (CI: 12.8 -13.6, p-value= 0.01) but the rate of increase was nine times higher 
Individuals of B. caudata distributed along road edges showed an aggregated dispersion pattern

D r a f t
Discussion
We note several adaptations and factors that would facilitate pollination of B. caudata under the high moisture conditions of a rain forest.
First, its explosive pollen release mechanism is advantageous in more or less still environments because pollen grains can be emitted beyond the boundary layer of the plant and then, entrained by even feeble air currents and transported away farther from the parent plant (Bianchini and Pacini 1996, Taylor et al. 2006) . Second, the apparently quick response of male flowers to the diurnal and minute-to-minute variations in temperature, insolation, moisture and wind allows opportunistic pollen release. We found a well-defined short period of pollen release (10 a.m. to noon.) in B. caudata when humidity is lowest and insolation relatively strong, being consistent with data obtained from other Urticales with explosive pollen release (Bawa and Crisp 1980 , Bullock 1994 , Trigo et al. 1996 , Crimi et al. 2004 , de La Guardia et al. 1998 ).
Even so, the optimum ranges of environmental parameters and daily periods of pollen release for different species and their locally adapted biotypes, probably varies between ecosystems and intra-diurnal vagaries.
The meteorological conditions we recorded would cause dehydration of the stamens, which is known to trigger anther dehiscence and pollen release in some species (Qiu 1986, Lisci et al. 1994, Bianchini and  D r a f t Hammer 1977 , Franchi et al. 2002 , Huang et al. 2004 , Wang et al. 2004 attests to the hostile nature of the atmosphere for pollen. We did not measure pollen viability and longevity directly and the inferences we make need to be tested. Once pollen lands on a stigma it can rehydrate and germinate (Heslop-Harrison 1987 , Lisci et al.1994 ).
Wind force seemed to have little effect over the broad hourly range, but the positive effect on the number of pollen release observations per minute suggests that low atmospheric moisture conditions coupled with wind constitute the 'tripping' agent (Timerman et al. 2014) . More detailed studies and micrometeorological measurements would be needed to elucidate those points for B. caudata.
We cannot exclude the possibility that flower visitors feeding on pollen and so touching the anthers also contribute to the explosive mechanism, as for example occurs in R. communis (Rizzardo et al. 2012) . At the start of our study we experimentally touched the filaments with a needle and caused explosions (Fig.1 ).
Even so, flower visitors would not help directly in pollination if they did not visit female flowers.
Third, prolonged stigma receptivity could allow for the asynchronous male flower anthesis and the subsequent prolonged pollen availability to be effective. Here, the assumption of complementarity between the duration of stigma receptivity and pollen viability and longevity (Dafni and Firmage 2000) seems not to apply. Receptive stigmas were found at any time of day without being correlated with meteorological parameters. On the other hand, the lack of a pronounced periodicity of stigma receptivity may be disadvantageous for a wind-pollinated species because alien pollen can be deposited during the absence of domestic pollen that would otherwise effect fertilization. Stigma clogging (Lloyd and Webb 1986) and alien pollen allelopathy (Murphy 1992) suggest themselves.
A fourth adaptation may be the male-biased sex ratio for B. caudata (1:1.5: female: male plants (n = 72)) as is common in dioecy and especially anemophiles. It is considered as a bet-hedging strategy against the probability of any one grain reaching a stigma being so low (Ackerman 2000, Friedman and Barrett 2009) . Nevertheless, it is interesting that in one of the four trails examined which was narrower that the other ones (it was a walking trail whereas the others were vehicular roads), there was a higher proportion of females. The peculiar characteristics of this trail could have created an environmental effect favouring female bias, as it has been suggested for other species, where sex-spatial segregation results from sex-competition or differential use of resources (Bawa, 1980; Bierzychudek and Eckhart, 1988; Friedman and Barrett, 2009 ). For D r a f t some wind-pollinated dioecious species, Freeman et al. (1976) proposed that male success may be higher on windy slopes because of more effective pollen dispersal, whereas female success may be relatively higher on lower-lying sites where pollen may accumulate and soil is relatively moister during seed and fruit maturation.
Fifth, the clumped dispersion along open areas would facilitate pollen dispersal and arrival on female plants. Populations of B. caudata were distributed along forest edges that presumably allow opportunities for pollen dispersal because of a better exposure to insolation, daily atmospheric turbulence due to thermal convections and often mid-morning winds prior to rains (Lewis 1986). We noticed that the wind directions were parallel to the forest edge (road direction) that served as channels guiding pollen clouds from male plants to females distributed nearby (Fig.5) . Although it is to be expected that the interception of pollen on stigmas would be related to wind direction and strength, as noted by Lisci et al. (1994 Lisci et al. ( , 1996 for Mercurialis annua, other subtle aerodynamic effects may contribute to evening the dispersion of pollen capture round female reproductive structures, such as the megastrobili of Pinus (Roussy and Kevan 2000) .
Boehmeria caudata also had clumped dispersion, atypical of the traditional assumption that conspecific individuals in species-rich tropical communities are widely spaced (Janzen 1975 ) but in accord with clumped plant dispersions typical of several forest types from temperate and tropical latitudes (Bullock 1994 ). Clumped dispersion is considered advantageous for wind pollination because airborne pollen has a leptokurtic density distribution from point sources (Whitehead 1983 , DiGiovanni and Kevan 1991 ). Dafni and Firmage (2002 noted that pollen longevity is unimportant for pollen making only short flights.
Furthermore and not surprisingly, various studies have demonstrated that pollination success is negatively correlated with plant spacing in both anemophilous (e.g. Friedman and Barrett 2009) and zoophilous (Hubbel 1979 , Condit et al. 2000 plants. For B. caudata we did find less airborne pollen on pollen traps on female individuals more isolated from males ( Fig. 5) and more on the open exposed side.
We do not know about other flowering periods of B. caudata in the study site, nor in other parts of its extensive range, but we found it flowering in December during the summer rainy season. Other species with the same pollen release mechanism also have been found flowering in association with wet periods or with dry intervals preceded by rainy periods (Bullock 1994 , Trigo et al. 1996 , de La Guardia et al. 1998 ). In temperate regions, seasonality dictates flowering (i.e. many phenological studies) and floral anthesis itself correlates with various weather conditions, micrometeorological diel periodicities, and time of day. Few D r a f t studies elucidate the influences of even some of those different factors and so cannot be used for conjecture about anthecology in B. caudata. We note that B. caudata presumably needs moisture to produce flowers, cause the filaments to become turgid, and so be responsible for the elastic tension and explosive mechanism (Qiu 1986 , Edwards et al. 2005 , Taylor et al. 2006 , Franchi et al. 2007 ). Dry spells during certain hours of the day in the rainy season could be the special combination needed for functional flowering and pollination in B.
caudata as Bullock (1994) suggested for tropical dioecious trees. The finding of Boehmeria-like flowers of Ekrixanthera explosively releasing pollen in Tertiary amber (Poinar et al. 2016 ) suggests that they may have been broken from the parent plants at the same time they became fossilized during unsettled weather (high winds, insolation, and low humidity). 
